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Compression dramatically changes the transport and localization properties of graphene. This
is intimately related to the change of symmetry of the Dirac cone when the particle hopping is
different along different directions of the lattice. In particular, for a critical compression, a semi-
Dirac cone is formed with massless and massive dispersions along perpendicular directions. Here
we show direct evidence of the highly anisotropic transport of polaritons in a honeycomb lattice of
coupled micropillars implementing a semi-Dirac cone. If we optically induce a vacancy-like defect
in the lattice, we observe an anisotropically localized polariton distribution in a single sublattice,
a consequence of the semi-Dirac dispersion. Our work opens up new horizons for the study of
transport and localization in lattices with chiral symmetry and exotic Dirac dispersions.
Graphene presents extraordinary transport properties
arising from the particular conical structure of its Dirac
cones. At the Dirac energy, electrons behave as chiral
relativistic particles with no mass [1]. Remarkable ef-
fects arise from this unusual electronic band structure,
such as, conical diffraction [2], integer quantum Hall ef-
fect at room temperature [3], antilocalization [4] and
Klein tunneling [5–8]. While the Dirac cones in graphene
are cylindrically symmetric, anisotropic Dirac cones in
strained two-dimensional materials have driven much at-
tention due to the possibility of modifying the Fermi sur-
face and implementing directional transport properties.
For instance, by tuning the nearest-neighbor and next-
nearest-neighbor hoppings between atoms along a given
direction in tight-binding models, it has been shown that
tilted Dirac cones with asymmetric Dirac velocities in the
x and y directions can be engineered [9–18]. Moreover,
highly tilted type-II and type-III Dirac cones in which
the Fermi surface changes from a single point to a sin-
gle or a double line, have been predicted to show exotic
tunneling properties [19, 20] and high temperature su-
perconducting gaps [21].
A peculiar case of Dirac cone manipulation takes place
in a honeycomb lattice when two topologically nonequiv-
alent Dirac cones merge in the presence of uniaxial
strain [11, 14, 22, 23]. In this case, quasiparticles at the
Dirac point behave as massless particles in one spatial
direction and as massive ones in the perpendicular di-
rection, in a so-called semi-Dirac cone. The asymmetry
of such exotic Dirac cones anticipates highly anisotropic
transport and localization properties as studied in a num-
ber of theoretical works [11, 14, 22–26]. However, these
properties have been hardly explored experimentally due
to the difficulty in synthesizing two-dimensional materi-
als with the required asymmetric hoppings and low disor-
der. For instance, semi-Dirac cones have been observed
in black phosphorous [27], but no transport studies are
available. Artificial systems, such as ultracold atoms [28],
lattices of photonic resonators [29, 30] and waveguide ar-
rays [31] have shown the possibility of engineering semi-
Dirac cones with an exquisite control, and demonstrated
the effect of the merging of the Dirac cones on the pres-
ence of edge states [30, 31]. However, transport and local-
ization properties have not been studied in these artificial
systems so far because of the need to access simultane-
ously spectral information and particle dynamics.
In this letter, we experimentally report the highly
anisotropic transport and localization properties of po-
laritons in lattices of semiconductor micropillars [32, 33]
showing a semi-Dirac dispersion. We directly observe
the merging of Dirac cones in photoluminescence exper-
iments. We reveal the anisotropic transport of polari-
tons along perpendicular spatial directions with massive
and massless dispersions, characteristic of the semi-Dirac
cone. Taking advantage of the driven-dissipative na-
ture of polaritons we induce effective lattice vacancies,
which result in localized polariton distributions with an
anisotropic decay and confined in a single honeycomb
sublattice. Our observations reveal clear evidence of
the long-sought anisotropic transport in unconventional
Dirac cones, and provide a new route to implement a
localized response in lattices with chiral symmetry.
To engineer the semi-Dirac cone Hamiltonian, we em-
ploy lattices of semiconductor micropillars. The lat-
tices are fabricated from a planar semiconductor micro-
cavity made of 28 (top) and 40 (bottom) pairs of λ/4
alternating layers of Ga0.05Al0.95As and Ga0.80Al0.20As
(λ = 783 nm), a λ/2 cavity spacer of Ga0.05Al0.95As, and
twelve GaAs quantum wells embedded at the three cen-
tral maxima of the electromagnetic field. At 10 K, the
temperature of our experiments, the microcavity is in the
strong coupling regime between quantum well excitons
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    2
<latexit sha1_base64="L4nKp8 +JY/2TvZoDmDQx/OxPG3w=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBo PgKexGQY9BLx4jmAfsLmF20psMmX040yuEJZ/hxYMiXv0ab/6Nk2QP mljQUFR1090VpFJotO1vq7S2vrG5Vd6u7Ozu7R9UD486OskUhzZPZK J6AdMgRQxtFCihlypgUSChG4xvZ373CZQWSfyAkxT8iA1jEQrO0Eiu FwAybwiPtNGv1uy6PQddJU5BaqRAq1/98gYJzyKIkUumtevYKfo5Uy i4hGnFyzSkjI/ZEFxDYxaB9vP5yVN6ZpQBDRNlKkY6V39P5CzSehIF pjNiONLL3kz8z3MzDK/9XMRphhDzxaIwkxQTOvufDoQCjnJiCONKmF spHzHFOJqUKiYEZ/nlVdJp1J2LeuP+sta8KeIokxNySs6JQ65Ik9yR FmkTThLyTF7Jm4XWi/VufSxaS1Yxc0z+wPr8AZybkM8=</latexit>
5 µm
<latexit sha1_base64="69R1dn NQmVvGFUrwUkirUxHTgJk=">AAACCnicbVC7TsMwFHV4lvIKMLIYKi SGKkoK5SGWChbGItGHlESV47qtVduJbAepijqz8CssDCDEyhew8Te4 jwFajnSlo3Pute89UcKo0q77bS0sLi2vrObW8usbm1vb9s5uXcWpxK SGYxbLZoQUYVSQmqaakWYiCeIRI42ofzPyGw9EKhqLez1ISMhRV9AO xUgbqWUfZMH4EV92ozDzil7RdS7PysNycAUDnkI+bNkF13HHgPPEm5 ICmKLasr+CdoxTToTGDCnle26iwwxJTTEjw3yQKpIg3Edd4hsqECcq zMZbDOGRUdqwE0tTQsOx+nsiQ1ypAY9MJ0e6p2a9kfif56e6cxFmVC SpJgJPPuqkDOoYjnKBbSoJ1mxgCMKSml0h7iGJsDbp5U0I3uzJ86Re crwTp3R3WqhcT+PIgX1wCI6BB85BBdyCKqgBDB7BM3gFb9aT9WK9Wx +T1gVrOrMH/sD6/AFpi5jK</latexit>
A B
a
x
y
t0
<latexit sha1_base64= "BvQrSoLOjmdPCL4gJs1mkMXQCOA=">AAACFHicd VDNS8MwHE3n15xfVY9egkMUlNKuQ91t6MXjBDcHX Rlplm5h6QdJKoyyP8KL/4oXD4p49eDN/8a0W0FFH wQe771f8svzYkaFNM1PrbSwuLS8Ul6trK1vbG7p2z sdESUckzaOWMS7HhKE0ZC0JZWMdGNOUOAxcuuNLz P/9o5wQaPwRk5i4gZoGFKfYiSV1NeP015+icOHnp uaRiPD6cmM2A1FzLpl2vZUHk77erUIwCIAiwC0DDN HFczR6usfvUGEk4CEEjMkhGOZsXRTxCXFjEwrvUS QGOExGhJH0RAFRLhpvs8UHihlAP2IqxNKmKvfJ1I UCDEJPJUMkByJ314m/uU5ifTP3ZSGcSJJiGcP+Qm DMoJZQ3BAOcGSTRRBmFO1K8QjxBGWqseKKqH4Kfyf dGqGZRu163q1eTGvowz2wD44AhY4A01wBVqgDTC4 B4/gGbxoD9qT9qq9zaIlbT6zC35Ae/8CBcybBA== </latexit>
t
<latexit sha1_base64 ="Uvy3FaoRtsdYt2SqCXsgGAFYj/o=">AAACA3i cbVDLSsNAFJ3UV62vqDvdDBbBRQlJfe+KblxWsLW QhjKZTtuhk0mYmQglBNz4K25cKOLWn3Dn3zhJs9 DWAxcO59w7d+7xI0alsu1vo7SwuLS8Ul6trK1vb G6Z2zttGcYCkxYOWSg6PpKEUU5aiipGOpEgKPAZu ffH15l//0CEpCG/U5OIeAEacjqgGCkt9cy9pJs/ 4oqh7yVOzanZ1uXZaarSSs+s2padA84TpyBVUKD ZM7+6/RDHAeEKMySl69iR8hIkFMWMpJVuLEmE8Bg NiaspRwGRXpKvT+GhVvpwEApdXMFc/T2RoEDKSe DrzgCpkZz1MvE/z43V4MJLKI9iRTieLhrEDKoQZ oHAPhUEKzbRBGFB9V8hHiGBsNKxZSE4syfPk3bdc o6t+u1JtXFVxFEG++AAHAEHnIMGuAFN0AIYPIJn 8ArejCfjxXg3PqatJaOY2QV/YHz+AMWzlks=</l atexit>
(a1)
a0
<latexit sha1_base64="hCaaxzTBgrOVPIQREs Dh4+KitJ8=">AAACFHicdVDNS8MwHE3n15xfVY9egkMUlNKuQ91t6MXjBDcHXRlplm5h6QdJKoyyP8KL /4oXD4p49eDN/8a0W0FFHwQe771f8svzYkaFNM1PrbSwuLS8Ul6trK1vbG7p2zsdESUckzaOWMS7HhKE 0ZC0JZWMdGNOUOAxcuuNLzP/9o5wQaPwRk5i4gZoGFKfYiSV1NeP015+icOHnpuaRiPD6cmM2A1FzLpl 2vYUHU77erUIwCIAiwC0DDNHFczR6usfvUGEk4CEEjMkhGOZsXRTxCXFjEwrvUSQGOExGhJH0RAFRLhp vs8UHihlAP2IqxNKmKvfJ1IUCDEJPJUMkByJ314m/uU5ifTP3ZSGcSJJiGcP+QmDMoJZQ3BAOcGSTRRB mFO1K8QjxBGWqseKKqH4KfyfdGqGZRu163q1eTGvowz2wD44AhY4A01wBVqgDTC4B4/gGbxoD9qT9qq9 zaIlbT6zC35Ae/8C6Mua8Q==</latexit>
E 
[ar
b. 
un
its
]
E 
[ar
b. 
un
its
]
E 
[ar
b. 
un
its
]
 
<latexit sha1_base64= "xXeP4fWvUDKmvgl18vZjV9Y7J+c=">AAAB7XicbV DLSgNBEOz1GeMr6tHLYhA8hV0R9Bj0oMcI5gHJEno ns8mYeSwzs0II+QcvHhTx6v9482+cJHvQxIKGoqqb 7q445czYIPj2VlbX1jc2C1vF7Z3dvf3SwWHDqEwTW ieKK92K0VDOJK1bZjltpZqiiDltxsObqd98otowJR /sKKWRwL5kCSNondTo3KIQ2C2Vg0owg79MwpyUIUe tW/rq9BTJBJWWcDSmHQapjcaoLSOcToqdzNAUyRD7 tO2oREFNNJ5dO/FPndLzE6VdSevP1N8TYxTGjETsO gXagVn0puJ/XjuzyVU0ZjLNLJVkvijJuG+VP33d7z FNieUjR5Bo5m71yQA1EusCKroQwsWXl0njvBIGlfD +oly9zuMowDGcwBmEcAlVuIMa1IHAIzzDK7x5ynv x3r2PeeuKl88cwR94nz9V6471</latexit><latexit sha1_base64= "xXeP4fWvUDKmvgl18vZjV9Y7J+c=">AAAB7XicbV DLSgNBEOz1GeMr6tHLYhA8hV0R9Bj0oMcI5gHJEno ns8mYeSwzs0II+QcvHhTx6v9482+cJHvQxIKGoqqb 7q445czYIPj2VlbX1jc2C1vF7Z3dvf3SwWHDqEwTW ieKK92K0VDOJK1bZjltpZqiiDltxsObqd98otowJR /sKKWRwL5kCSNondTo3KIQ2C2Vg0owg79MwpyUIUe tW/rq9BTJBJWWcDSmHQapjcaoLSOcToqdzNAUyRD7 tO2oREFNNJ5dO/FPndLzE6VdSevP1N8TYxTGjETsO gXagVn0puJ/XjuzyVU0ZjLNLJVkvijJuG+VP33d7z FNieUjR5Bo5m71yQA1EusCKroQwsWXl0njvBIGlfD +oly9zuMowDGcwBmEcAlVuIMa1IHAIzzDK7x5ynv x3r2PeeuKl88cwR94nz9V6471</latexit><latexit sha1_base64= "xXeP4fWvUDKmvgl18vZjV9Y7J+c=">AAAB7XicbV DLSgNBEOz1GeMr6tHLYhA8hV0R9Bj0oMcI5gHJEno ns8mYeSwzs0II+QcvHhTx6v9482+cJHvQxIKGoqqb 7q445czYIPj2VlbX1jc2C1vF7Z3dvf3SwWHDqEwTW ieKK92K0VDOJK1bZjltpZqiiDltxsObqd98otowJR /sKKWRwL5kCSNondTo3KIQ2C2Vg0owg79MwpyUIUe tW/rq9BTJBJWWcDSmHQapjcaoLSOcToqdzNAUyRD7 tO2oREFNNJ5dO/FPndLzE6VdSevP1N8TYxTGjETsO gXagVn0puJ/XjuzyVU0ZjLNLJVkvijJuG+VP33d7z FNieUjR5Bo5m71yQA1EusCKroQwsWXl0njvBIGlfD +oly9zuMowDGcwBmEcAlVuIMa1IHAIzzDK7x5ynv x3r2PeeuKl88cwR94nz9V6471</latexit><latexit sha1_base64= "xXeP4fWvUDKmvgl18vZjV9Y7J+c=">AAAB7XicbV DLSgNBEOz1GeMr6tHLYhA8hV0R9Bj0oMcI5gHJEno ns8mYeSwzs0II+QcvHhTx6v9482+cJHvQxIKGoqqb 7q445czYIPj2VlbX1jc2C1vF7Z3dvf3SwWHDqEwTW ieKK92K0VDOJK1bZjltpZqiiDltxsObqd98otowJR /sKKWRwL5kCSNondTo3KIQ2C2Vg0owg79MwpyUIUe tW/rq9BTJBJWWcDSmHQapjcaoLSOcToqdzNAUyRD7 tO2oREFNNJ5dO/FPndLzE6VdSevP1N8TYxTGjETsO gXagVn0puJ/XjuzyVU0ZjLNLJVkvijJuG+VP33d7z FNieUjR5Bo5m71yQA1EusCKroQwsWXl0njvBIGlfD +oly9zuMowDGcwBmEcAlVuIMa1IHAIzzDK7x5ynv x3r2PeeuKl88cwR94nz9V6471</latexit>
1st BZ
<latexit sha1_base64="Wc+Q/x7bgD Sli0RTsaqK99rsNKQ=">AAACAnicbVDLSgMxFM34rPU16krcBIvgQspMFXRZ6s ZlBfvAzlgyaaYNTTJDkhHLMLjxV9y4UMStX+HOvzFtZ6GtBy6cnHMvufcEMaNK O863tbC4tLyyWlgrrm9sbm3bO7tNFSUSkwaOWCTbAVKEUUEammpG2rEkiAeMtI Lh5dhv3ROpaCRu9CgmPkd9QUOKkTZS195371KPB9FDqnSWeSdw+qjdZl275JSdC eA8cXNSAjnqXfvL60U44URozJBSHdeJtZ8iqSlmJCt6iSIxwkPUJx1DBeJE+en khAweGaUHw0iaEhpO1N8TKeJKjXhgOjnSAzXrjcX/vE6iwws/pSJONBF4+lGYM KgjOM4D9qgkWLORIQhLanaFeIAkwtqkVjQhuLMnz5NmpeyelivXZ6VqLY+jAA7 AITgGLjgHVXAF6qABMHgEz+AVvFlP1ov1bn1MWxesfGYP/IH1+QNoTpdv</late xit>
K<latexit sha1_base64="HQfadDQrozr2PpvG928HQmjcOjI=">AAAB6Hi cbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/ UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZ wKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZ TsCF4yy+vkmal7F2UK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6NTjNM=</latexit>
K 0<latexit sha1_base64="u5KEhSuUTm4PrC0LFLl0DxNrCDE=">AAAB6XicbVD LSgNBEOyNrxhfUY9eBoPoKexGQY9BL4KXKOYBSQizk95kyOzsMjMrhCV/4MWDIl79I2/+jZNkD5pY0FBUddPd5ceCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1 FolItXyqUXCJdcONwFaskIa+wKY/upn6zSdUmkfy0Yxj7IZ0IHnAGTVWerg77RVLbtmdgSwTLyMlyFDrFb86/YglIUrDBNW67bmx6aZUGc4ETgqdRGNM2YgOsG2pp CHqbjq7dEJOrNInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCa66KZdxYlCy+aIgEcREZPo26XOFzIixJZQpbm8lbEgVZcaGU7AheIsvL5NGpeydlyv3F6Xqd RZHHo7gGM7Ag0uowi3UoA4MAniGV3hzRs6L8+58zFtzTjZzCH/gfP4AA62NBA==</latexit>
M<latexit sha1_base64="LYKb 6VVKloxBSLpM78v6ttRQbOI=">AAAB6HicbVDLSgNBEOyNrxhfU Y9eBoPgKexGQY9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6 Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8 auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxk n6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat 3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakI XP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk 9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvUm iyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzi fP6ZbjNU=</latexit>
Line 1
Line 2
ky
<latexit sha1_ base64="p84Zrnh3+1EhZbRu1u epb4RqSho=">AAAB6nicbVBNS8 NAEJ3Ur1q/qh69LBbBU0lE0GPR i8eK9gPaUDbbSbt0swm7GyGE/g QvHhTx6i/y5r9x2+agrQ8GHu/NM DMvSATXxnW/ndLa+sbmVnm7srO 7t39QPTxq6zhVDFssFrHqBlSj4 BJbhhuB3UQhjQKBnWByO/M7T6g 0j+WjyRL0IzqSPOSMGis9TAbZo Fpz6+4cZJV4BalBgeag+tUfxiyN UBomqNY9z02Mn1NlOBM4rfRTjQ llEzrCnqWSRqj9fH7qlJxZZUjC WNmShszV3xM5jbTOosB2RtSM9b I3E//zeqkJr/2cyyQ1KNliUZgKY mIy+5sMuUJmRGYJZYrbWwkbU0W ZselUbAje8surpH1R99y6d39Za 9wUcZThBE7hHDy4ggbcQRNawGA Ez/AKb45wXpx352PRWnKKmWP4A +fzB2UCjds=</latexit><latexit sha1_ base64="p84Zrnh3+1EhZbRu1u epb4RqSho=">AAAB6nicbVBNS8 NAEJ3Ur1q/qh69LBbBU0lE0GPR i8eK9gPaUDbbSbt0swm7GyGE/g QvHhTx6i/y5r9x2+agrQ8GHu/NM DMvSATXxnW/ndLa+sbmVnm7srO 7t39QPTxq6zhVDFssFrHqBlSj4 BJbhhuB3UQhjQKBnWByO/M7T6g 0j+WjyRL0IzqSPOSMGis9TAbZo Fpz6+4cZJV4BalBgeag+tUfxiyN UBomqNY9z02Mn1NlOBM4rfRTjQ llEzrCnqWSRqj9fH7qlJxZZUjC WNmShszV3xM5jbTOosB2RtSM9b I3E//zeqkJr/2cyyQ1KNliUZgKY mIy+5sMuUJmRGYJZYrbWwkbU0W ZselUbAje8surpH1R99y6d39Za 9wUcZThBE7hHDy4ggbcQRNawGA Ez/AKb45wXpx352PRWnKKmWP4A +fzB2UCjds=</latexit><latexit sha1_ base64="p84Zrnh3+1EhZbRu1u epb4RqSho=">AAAB6nicbVBNS8 NAEJ3Ur1q/qh69LBbBU0lE0GPR i8eK9gPaUDbbSbt0swm7GyGE/g QvHhTx6i/y5r9x2+agrQ8GHu/NM DMvSATXxnW/ndLa+sbmVnm7srO 7t39QPTxq6zhVDFssFrHqBlSj4 BJbhhuB3UQhjQKBnWByO/M7T6g 0j+WjyRL0IzqSPOSMGis9TAbZo Fpz6+4cZJV4BalBgeag+tUfxiyN UBomqNY9z02Mn1NlOBM4rfRTjQ llEzrCnqWSRqj9fH7qlJxZZUjC WNmShszV3xM5jbTOosB2RtSM9b I3E//zeqkJr/2cyyQ1KNliUZgKY mIy+5sMuUJmRGYJZYrbWwkbU0W ZselUbAje8surpH1R99y6d39Za 9wUcZThBE7hHDy4ggbcQRNawGA Ez/AKb45wXpx352PRWnKKmWP4A +fzB2UCjds=</latexit><latexit sha1_ base64="p84Zrnh3+1EhZbRu1u epb4RqSho=">AAAB6nicbVBNS8 NAEJ3Ur1q/qh69LBbBU0lE0GPR i8eK9gPaUDbbSbt0swm7GyGE/g QvHhTx6i/y5r9x2+agrQ8GHu/NM DMvSATXxnW/ndLa+sbmVnm7srO 7t39QPTxq6zhVDFssFrHqBlSj4 BJbhhuB3UQhjQKBnWByO/M7T6g 0j+WjyRL0IzqSPOSMGis9TAbZo Fpz6+4cZJV4BalBgeag+tUfxiyN UBomqNY9z02Mn1NlOBM4rfRTjQ llEzrCnqWSRqj9fH7qlJxZZUjC WNmShszV3xM5jbTOosB2RtSM9b I3E//zeqkJr/2cyyQ1KNliUZgKY mIy+5sMuUJmRGYJZYrbWwkbU0W ZselUbAje8surpH1R99y6d39Za 9wUcZThBE7hHDy4ggbcQRNawGA Ez/AKb45wXpx352PRWnKKmWP4A +fzB2UCjds=</latexit>
kx
<latexit sha1_base64="WtMwm N+gvcv25G20B9/BrXKKEn0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh6 9LBbBU0lEqMeiF48V7Qe0oWy2m3bpZhN2J2IJ/QlePCji1V/kzX/j ts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjV jDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbF6wEnC/YgO lQgFo2il+3H/qV+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6 GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TG Y2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5Qz mxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t1dVurXeRxFOIFTOA cPalCHW2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gBjfo3a</ latexit><latexit sha1_base64="WtMwm N+gvcv25G20B9/BrXKKEn0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh6 9LBbBU0lEqMeiF48V7Qe0oWy2m3bpZhN2J2IJ/QlePCji1V/kzX/j ts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjV jDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbF6wEnC/YgO lQgFo2il+3H/qV+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6 GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TG Y2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5Qz mxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t1dVurXeRxFOIFTOA cPalCHW2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gBjfo3a</ latexit><latexit sha1_base64="WtMwm N+gvcv25G20B9/BrXKKEn0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh6 9LBbBU0lEqMeiF48V7Qe0oWy2m3bpZhN2J2IJ/QlePCji1V/kzX/j ts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjV jDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbF6wEnC/YgO lQgFo2il+3H/qV+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6 GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TG Y2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5Qz mxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t1dVurXeRxFOIFTOA cPalCHW2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gBjfo3a</ latexit><latexit sha1_base64="WtMwm N+gvcv25G20B9/BrXKKEn0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh6 9LBbBU0lEqMeiF48V7Qe0oWy2m3bpZhN2J2IJ/QlePCji1V/kzX/j ts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjV jDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbF6wEnC/YgO lQgFo2il+3H/qV+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6 GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TG Y2MmUSB7YwojsyyNxP/87ophld+JlSSIldssShMJcGYzP4mA6E5Qz mxhDIt7K2EjaimDG06JRuCt/zyKmldVD236t1dVurXeRxFOIFTOA cPalCHW2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gBjfo3a</ latexit>
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FIG. 1. Dirac cone merging and semi-Dirac dispersion. (a1) Electron microscopy image of a polariton honeycomb lattice. Red
and blue circles demarcate A and B sublattices. Yellow and white lines denote hopping among horizontal and diagonal nearest
neighbors (t′ and t, respectively). (a2)-(a3) Sketch of the Brillouin zones in momentum space for β = 1 and β ≥ 2. Middle and
bottom rows of columns (b)-(d): measured polariton photoluminescence intensity in momentum space for different values of β.
Each image is normalized to its maximum intensity. (b2), (c2), (d2) display the emission along ky for kx = 2pi/3a [Line 1 in
(a2) and (a3)], while (b3), (c3), (d3) exhibit the measurements along kx for ky = 2pi/(3
√
3a) (Line 2), and for ky = 0 (Line 3).
The white continuous and dashed lines are fits to the lower and upper tight-binding bands [Eq. (1)]. E0 = 1589.2 meV.
and confined photons, giving rise to polaritons charac-
terized by a Rabi splitting of 15 meV. The microcavity
is then etched down to the substrate into honeycomb
lattices of coupled micropillars of 2.6 µm diameter. By
varying the center-to-center distance between micropil-
lars, the amplitude of the polariton hopping between
neighboring micropillars can be engineered to simulate
the homogeneous strain that has been predicted to result
in semi-Dirac dispersions [11, 14, 22, 23]. All experiments
are done at a photon-exciton detuning of −15.2 meV,
thus leading to polaritons states with a dominant pho-
tonic fraction.
Figure 1(a1) shows a scanning electron microscope im-
age of a lattice with isotropic hoppings, corresponding
to a center-to-center distance of a = a′ = 2.4 µm for
the three nearest-neighbors links of each micropillar. To
measure the polariton dispersion and study the transport
properties, photoluminescence experiments are done un-
der excitation at the center of the lattice in a spot of
8 µm with a continuous wave laser at 745 nm. Fig-
ure 1(b2)-(b3) show the emission in momentum space
from the lowest energy bands (s-bands). Along the ky
direction [line 1 in Fig. 1(a2)] two Dirac crossings are
observed in Fig. 1(b2), corresponding to the K and K’
points characteristic of the unperturbed honeycomb lat-
tice. The Dirac velocities (slopes of the Dirac dispersion)
are in this case isotropic in k-space around each Dirac
cone, as shown by comparing the dispersions close to E0
in Fig. 1(b2) for K along ky [Line 1 in Fig. 1(a2)] and in
Fig. 1(b3) along kx [Line 2 in Fig. 1(a2)].
The polariton dispersion is well reproduced by a
tight-binding model considering nearest- (NN) and next-
nearest-neighbor (NNN) hopping [32] [see Fig. 1(b1)],
whose eigenvalues are [34]:
E±(k) = E0 ± t
√
(β2 + 2) + f(k)− t¯f(k) , (1)
with, f(k) = 2 cos
(√
3kya
)
+4β cos
(
3
2kxa
)
cos
(√
3
2 kya
)
,
and E0 the Dirac-point energy. t and t¯ refer to NN and
NNN hoppings, respectively, while β ≡ t′/t represents
the ratio of the horizontal polariton hopping to the di-
agonal one [Fig. 1(a1)]. Hence, β quantifies the engi-
neered compression strength, which is equal to 1 in the
present case (isotropic hopping). A fit of Eq. (1) to the
collected photoluminescence [white lines in Fig. 1(b2)-
(b3)] results in the hopping parameters t = 0.18 meV
and t¯ = −0.014 meV. Note that in the micropillar sys-
tem, the NNN hopping in Eq. (1) is a phenomenologi-
cal term that reproduces the observed asymmetry of s-
bands, but whose real physical origin is the long-range
hopping through p-modes, as described in Ref. 35.
When the horizontal hopping t′ is increased, the tight-
binding bands show that the Dirac cones K and K’ move
towards each other, and for a value of β = 2 they merge at
a single point [Fig. 1(c1)]. We experimentally probe this
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FIG. 2. Transport at the Semi-Dirac point. (a1) and (b1)
show the photoluminescence intensity in real space at the en-
ergy of the Dirac point (E0 = 1589.2 meV) for β = 1 and
β = 2, respectively. Each image is normalized to its maxi-
mum intensity. (a2)-(b2) show the measured intensity along
x (circles) and y (triangles) directions for β = 1 (a2) and
β = 2 (b2), extracted from the dashed boxes in (a1) and
(b1). Lines are exponential decay fits. (a3) and (a4) present
the measured propagation lengths (dots), at several energies,
along y and x directions for β = 1. (b3) and (b4): same for
β = 2. Solid and dashed lines display the theoretical propaga-
tion lengths [Eq. (2)] corresponding to the solid and dashed
bands in Fig. 1(b2),(b3),(c2),(c3). The vertical line depicts
the Dirac-point energy E0.
situation in Fig. 1(c2)-(c3) for a lattice with a′ = 2.2 µm
and a = 2.4 µm. Using the tight-binding model with the
previously obtained values of t and t¯, a value of β = 2 re-
produces the experimental features. The recorded spec-
trum along ky [Line 1 in Fig. 1(a3)] shows not only that
the two Dirac cones have merged but, more importantly,
the dispersions of both the upper and lower bands are
now parabolic in this direction, while they remain lin-
ear along the kx direction. This situation is known as a
semi-Dirac cone, which combines massless and massive
dispersions along perpendicular directions. They have
been observed in ARPES measurements of strained black
phosphorus [27] and indirectly in various artificial lat-
tices [28–31]. If β is further increased, the Dirac cone
merging evolves into a band gap [see Fig. 1(d1)]. We
implement experimentally this situation by reducing fur-
ther the center-to-center distance a′ to 1.7 µm as shown
in Fig. 1(d2)-(d3). The measured photoluminescence is
well reproduced by the tight-binding model with β = 3.
The highly anisotropic dispersion of the semi-Dirac
cone for β = 2 is expected to have strong consequences
in the transport properties of polaritons. To study this
effect, we probe the polariton distribution in real space at
different emission energies. Figure 2(a1) and (b1) show
the real-space intensity at the energy E0 of the Dirac
point for β = 1 and β = 2, respectively. For β = 1 [panel
(a1)], we observe that polaritons travel away from the
excitation spot isotropically; on the contrary for β = 2
[panel (b1)], the propagation is significantly anisotropic,
being more pronounced in the x direction than in the y
direction. To quantify this anisotropy, we measure the
propagation length on both x and y directions at E0 in
both lattices. The propagation length is extracted by
fitting an exponential decay to the tails of the emitted
intensity, i.e. |ψ(r)|2 ∝ e−r/Lr along x and y directions
[enclosed region in Fig. 2(a1) and (b1)]. Experimental
points and fits are shown in Fig. 2(a2) and (b2). For
β = 1, the propagation lengths are Lx = 10.21± 2.69 µm
and Ly = 9.38 ± 0.23 µm. These values confirm the
isotropic transport of polaritons near the Dirac-point en-
ergy, which was previously measured in the form of con-
ical diffraction [2]. For β = 2, at the same energy, we
obtain Lx = 13.31 ± 1.40 µm and Ly = 4.89 ± 0.84 µm,
evidencing the high group velocity in the direction of
the massless dispersion, and the reduced group velocity
along the y direction, which is associated to the touching
parabolic bands.
Figure 2(a3)-(b4) shows in filled dots the measured
propagation lengths Lx and Ly as a function of the en-
ergy across the Dirac point for β = 1 and β = 2. This
measurement can be directly compared to the expected
propagation length extracted from the group velocities,
vg,x(y) = ∂E/∂kx(y), in the following way:
Lx(y) ≈ vg,x(y)τ. (2)
vg,x(y) is calculated from the dispersion curves in Fig. 1
along the vertical (kx = 2pi/3a) and horizontal (ky =
2pi/3
√
3a for β = 1; ky = 2pi/
√
3a for β = 2) directions,
and τ is the polariton lifetime. The lines in Fig. 2(a3)-
(b4) show the propagation lengths calculated from the
group velocities predicted by the tight-binding model in
each spatial direction below (continuous line) and above
(dashed line) E0. Here we assume a polariton lifetime of
τ = 14 ps and τ = 12 ps, for β = 1 and β = 2 lattices,
respectively, which is used as a fitting parameter to the
experimental points.
The calculated propagation distances match well the
4FIG. 3. All-optical analog of a vacancy localization in semi-
Dirac graphene. (a) and (b) show the measured photolumi-
nescence intensity in the real space at the energy of the Dirac
point when a single pillar is pumped (demarcated by a cir-
cle) in an A pillar (a) and in a B pillar (c). Insets show the
reflected pump spot when the beam block is removed from
the central region. (b) and (d) show the polariton distribu-
tion calculated from Eq. (3) when a single A and B pillar,
respectively, is pumped at E0 energy.
experimental data and reproduce the increase of the
propagation length along the x direction when going from
β = 1 to β = 2, due to the higher hopping in that direc-
tion [see Fig. 2(a4)-(b4)]. Along the y direction, the ex-
pected propagation length for β = 2 goes down to zero at
the Dirac-point energy E0, a consequence of the massive
dispersion along that direction [see Fig. 2(a3)]. Similarly,
the calculated propagation length is also zero at the top
and bottom of the bands. Experimentally, the measured
propagation length at those points is about 4 µm. This
value is, in part, determined by the finite linewidth: when
selecting a given energy, we are in fact selecting a small
range of energies around the desired one, corresponding
to states with a nonzero group velocity. Moreover, dif-
fusion of photoexcited excitons away from the excitation
spot might also contribute to the residual measured prop-
agation distance.
Further insights on the transport properties at the
semi-Dirac cone energy E0 can be accessed when imple-
menting a resonant-laser excitation scheme. Figure 3(a)
shows the measured intensity when a resonant laser at
E0 is focused on a single micropillar of the A sublattice
(marked with a circle) in a lattice with β = 2. To mea-
sure the propagation away from the excitation spot, a
mask was placed at the center of the image (white area)
with the aim of blocking the excitation beam reflecting
onto the CCD (the inset shows an image of the reflected
pump beam in the absence of the mask). The image
shows some stray laser light close to the excitation spot
and a decay of the luminescence on the B sublattice to-
wards the right of the excitation spot. If the excitation is
centered on a pillar of the B sublattice, the decay direc-
tion and the sublattice asymmetry are reversed, as shown
in Fig. 3(c).
This behavior is well reproduced using a driven-
dissipative model of the polariton dynamics in resonant
excitation scheme [36]:
i~
∂ψn
∂t
=
∑
m 6=n
tn,mψm − i~
τ
ψn + Fδn,npe
iωpt. (3)
ψn represents the polariton amplitude at site n, tn,m
is the nearest-neighbor hopping, and F is the strength
of the pump at frequency ωp. Figure 3(b) depicts the
steady-state solution in the conditions of Fig. 3(a): τ =
12 ps, t = 0.18 meV, β = 2. It shows that the population
in the pumped micropillar, marked by a circle, is almost
zero, and the distribution extends mainly to the right of
the excited micropillar, on sublattice B (hexagons show
the underlying lattice). When moving the excitation spot
to an A site [Fig. 3(d)], the distribution reverses its de-
cay direction, as observed in the experiment [panel (c)].
Note that along the y direction, corresponding to the
massive dispersion of the semi-Dirac point, the polariton
distribution is localized within a single hexagon.
The observed polariton distributions resemble the pre-
dicted wavefunction of electrons bound to a single bulk
vacancy in compressed graphene [24]. It has been shown
that a single bulk vacancy in graphene creates a defect
state at the Dirac-point energy E0, with a decay in ampli-
tude following a 1/r law [24, 37, 38]. The chiral symmetry
of the lattice imposes that its wavefunction resides in one
sublattice only: the sublattice opposite to that of the va-
cancy. In the case of a semi-Dirac cone, the wavefunction
of the vacancy state acquires an anisotropic distribution:
if the vacancy is in the A sublattice, the state is localized
to the right of the vacancy; if the vacancy is in the B
sublattice, it is localized to the left [24]. In both cases
the decay of the amplitude follows 1/
√|x|.
This similarity between the measured polaritonic dis-
tribution and bound electron wavefunctions can be inter-
preted phenomenologically as follows. Under a resonant
excitation (~ωp = E0), the population of the driven mi-
cropillar interferes destructively with the laser, resulting
in an almost zero population in the pumped micropil-
lar. This phenomenon was recently reported in the case
of two coupled micropillars [39], and it is expected to
happen in any lattice with chiral symmetry. This effect
5allows understanding the response of the lattice at E0,
with nearly zero amplitude in the pumped micropillar,
as creating optically a vacancy-like defect.
In summary, we have probed the simultaneous massive
and massless behavior of polaritons in a semi-Dirac hon-
eycomb lattice. Additionally, we have generated an all-
optical analog of a vacancy and reported their anisotropic
distribution in the bulk of the lattice. In particular, the
interference effect we introduce in this work to generate
analog vacancies provides a controllable way of studying
the effect of vacancies in any polariton lattice with chi-
ral symmetry. The use of polariton nonlinearities, absent
in the experiments presented here, are a promising per-
spective for the study of nonlinear modes at Dirac and
semi-Dirac points [40], hardly studied so far due to the
rarity of systems with engineered Dirac cones and non-
linearities.
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